Abstract. We calculate the orbital diamagnetic susceptibility of monolayer graphene with an energy gap. The valley pseudospin produces paramagnetic susceptibility analogous to contribution from real spin, and explains the origin of a singular orbital magnetism at Dirac point of monolayer graphene.
where v ≈ 1 × 10 6 m/s is the band velocity [2, 3] , π ± = π x ± iπ y , and π = −ih∇ + (e/c)A with vector potential A giving external magnetic field B = ∇ × A. In the following, we shall completely neglect the spin Zeeman energy because the spin splitting is much smaller than Landaulevel separations. The Hamiltonian at the K point is obtained by exchanging π ± in Eq. (1) . The diagonal terms ±∆ represent the potential asymmetry between A and B sites, which opens an energy gap at the Dirac point. This can arise in graphene placed on a certain substrate material, where the interaction between the graphene and the substrate lattice produces different potentials between A and B. We can safely assume ∆ ≥ 0 without loss of generality. In a magnetic field, the eigenenergy becomes
, and
The Landau levels of n = 0 are doubly degenerate between the K and K valleys, while those of n = 0 are not. The example of Landau level structure is illustrated in Fig. 1 (a) . The thermodynamical potential at temperature T then becomes
where
with ζ being the chemical potential, and g s = 2 and g v = 2 represent the degrees of freedom associated with spin and valley, respectively.
The magnetic susceptibility is defined by
In weak magnetic field, using the Euler-Maclaurin formula, the summation in n in Eq. (5) can be written as an integral in continuous variable x and a residual term proportional to B 2 . At zero temperature, we have [11] χ(ε
In the limit of ∆ → 0, the susceptibility approaches a delta function
in agreement with the previous result. [4, 6, 9] The susceptibility Eq. (7) and the density of states are shown in Fig. 1 (b) . The susceptibility is not zero in the gap, because the completely filled valence band gives a constant diamagnetic susceptibility. When the Fermi energy enters the conduction band, the susceptibility jumps downs to zero, resulting in zero total magnetism.
Because the Hamiltonian is equivalent to that of a Dirac electron with a nonzero mass, the magnetic susceptibility around the band edge should correspond to that of a conventional electron. This is clearly illustrated by the effective Hamiltonian expanded in the vicinity of k = 0. For the conduction band, the effective Hamiltonian for the A site near the band bottom (ε = ∆) is written apart from the constant energy as [11] 
where µ B = eh/(2mc) is the Bohr magneton with m being the free electron mass, and we defined m * = ∆/v 2 , g * = 2m/m * . The last term in each Hamiltonian can be regarded as the pseudo-spin Zeeman term, where the different valleys K and K serve as pseudo-spin up and down, respectively. Obviously, the pseudo-spin Zeeman term gives the Pauli paramagnetism and the first term containing π 2 gives the Landau diamagnetism in the usual form as
with density of states D(ε) = g v g s m * /(2πh 2 ) θ (ε). The total susceptibility χ P + χ L actually agrees with the amount of the jump at the conduction band bottom in χ of Eq. (7). Because g = 2m/m * in the present case, we have χ L = −χ P /3 ∝ 1/m * as in the free electron, giving the paramagnetic susceptibility in total. Therefore the susceptibility exhibits a discrete jump toward the paramagnetic direction when the Fermi energy moves off the Dirac point.
We calculated the orbital magnetism of gapped graphene, and found that singular susceptibility near the band gap can be understood in terms of valley pseudo-spin Pauli paramagnetism. As in conventional metals, the susceptibility near the band edge can be expressed by the Landau diamagnetism and the Pauli paramagnetism associated with pseudo-spin. The diverging magnetism in intrinsic zero-gap graphene can be intuitively interpreted as a result of vanishing the effective mass. 
